Abstract L-arabinose is widely used in food, medicine, chemistry, and biology fields; however, solubility and seeded metastable zone width (MSZW) of L-arabinose have not been reported in the literature. In this paper, solubility and MSZW of L-arabinose in aqueous solution were determined. Solubility of L-arabinose was measured in the range of 20-68 °C by a conventional equilibrium solubility method and quantitation was determined using the ion chromatography technique. Seeded MSZW was determined in the range of 51-73% by the calorimetric method. The effect of two salts (potassium chloride and calcium chloride) on the solubility and MSZW of L-arabinose were also evaluated. Results showed that both potassium chloride and calcium chloride increased the solubility of L-arabinose, and this increase was intensified with temperature rise. The MSZW of L-arabinose was not constant but a spread. Potassium chloride increased the MSZW of L-arabinose. However, the effect of calcium chloride on MSZW of L-arabinose was concentration dependent. Conclusion: the L-arabinose solubility increased with the increase in temperature, and both potassium chloride and calcium chloride increased the solubility of L-arabinose in aqueous solution. The seeded MSZW of L-arabinose is not a constant; it increases in the presence of potassium chloride and varies with the change in calcium chloride concentration.
Introduction
L-arabinose is a new functional low-caloric sugar with selective intestinal sucrase inhibition effect (Seri et al., 1996; Shibanuma et al., 2011; Krog-Mikkelsen et al., 2011; Liu et al., 2013) . The taste of L-arabinose is quite similar to that of sucrose, with approximately 50% the sweetness of sucrose. It can be used as a functional additive for improving obesity and maintaining good health (Yoon et al., 2003; Po et al., 2011; Fu-Yu et al., 2010) . L-arabinose is the critical agent in the synthesis of antiviral drug clevudine (Choung et al., 2012) and telbivudine (Jia et al., 2014; Li et al., 2014) , which are potent anti-hepatitis B (HBV) agents. It also has great usage in tumor therapy (Loessner et al., 2007; Jeong et al., 2014; Kaluzhny et al., 2009 ) and chemistry (Yamauchi & Kinoshita, 2001; EL-Farargy & Ghonium, 2008) and biology fields (Becker & Boles, 2003; Jeon et al., 2010) . Although it has been known for a long time, the solubility and metastable zone width of L-arabinose in aqueous solution have not been reported before.
Solubility is a thermodynamic property of a material, and it depends on its chemical composition, nature of the solvent(s), and temperature. The extent of the supersaturation or supercooling is referred to the metastable zone width (MSZW). The equilibrium and kinetic methods have usually been used for solubility determination (Black et al., 2013; Andrade et al., 2003; Elder & Holm, 2013; Três et al., 2007; Zhang et al., 2012) , while methods such as turbidity monitoring (Zhang et al., 2012; Rabesiaka et al., 2011) , Focused Beam Reflectance Measurement (FBRM), (Barrett & Glennon, 2002; Sun et al.,2010) , and electric conductivity method (Wu et al., 2012) have been used for MSZW determination.
Crystallization is the phase transition of matter from the state of a supercooled or supersaturated mother medium to a crystalline state with lower energy. Excess energy dissipates in the form of the latent heat during the transformation (Salomatov, 1966; Mikhalev et al., 1985) . The dissipation of the latent heat increases the temperature of the solution, which can be immediately recorded by a real-time recording thermometer (Shiroishi et al., 1999) . Thus, the calorimetric method can be an alternative method for MSZW detection.
In the present study, solubility of L-arabinose in aqueous solution was measured in the temperature range of 20 °C to 68 °C, and the MSZW was detected by the calorimetric method from 51-73%. The effect of two salts on the solubility and seeded metastable zone width of L-arabinose were also evaluated. The findings obtained can be useful in the industrial production of L-arabinose.
Material and methods

Materials
L-arabinose (99.7% purity) was purchased from Shandong Futaste Co. Ltd. The purity of the L-arabinose was analyzed by ion chromatograph (Dionex, ICS5000). The measurement was performed using carbopac@ PA1 column with electrochemical detection under the following conditions: 100 mM NaDH, 1.0 mL/min; injection volume: 20 μL, and temperature: 30 °C. The chromatogram indicates presence only of a sharp peak at 2.9 minutes. X-ray diffraction (XRD) analyses confirmed that the purchased needle-like material is really the L-arabinose (Figure 1 ) was obtained on a Bruker D8 Advance X-ray diffractometer (Bruker, Germany) using conventional Cu Kα radiation (λ=1.54 Å) at 33 kV, 45 mA. Data were collected between 2-theta degrees values of 8.0° and 60.0° with a step width of 0.02°. Impurities (Potassium chloride and Calcium chloride of analytical grade) were used without further purification. Deionized water was used in all experiments.
Solubility and Seeded Metastable Zone width of functional sugar L-arabinose
Experimental setup
Standard curve of L-arabinose
A standard curve of L-arabinose measured by ion chromatograph (Dionex, ICS5000) is shown in Figure 2 . The measurement condition was consistent with that of L-arabinose purity determination. The relationship between the peak area and L-arabinose concentration was expressed by Equation 1.
A=8.0787×10
3 ×C (R 2 =0.9964)
Where A is the peak area and C is the concentration. The peak area and L-arabinose concentration showed an excellent linear relationship from 15.625 ppm to 700 ppm, indicating that ion chromatography is an effective analytic method for L-arabinose.
Solubility of L-arabinose in pure water system
An excess of L-arabinose was added to 20 mL water and kept in a water bath with a magnetic stirrer; it was stirred once every hour for 8h and kept still overnight. The supernatant was filtered with a 0.22 μm filter. An aliquot of 100 μL of filtered supernatant was drawn and diluted to 100 mL with water. By measuring the peak area of the diluted solution, it was possible to determine the solubility of L-arabinose at a certain temperature (Table 1) .
Solubility of L-arabinose in impure water system
Potassium and calcium are ubiquitous inorganic ions. Determination of the L-arabinose solubility in the presence of these ions, therefore, is very instructive for L-arabinose production. The measurement of L-arabinose solubility in the presence of impurity was similar to that in pure water system, but 1.0-4.0% impurity was added. Figures 3a and b showed the L-arabinose solubility in the presence of Potassium chloride and Calcium chloride, respectively.
Seeded Metastable Zone Width in pure water system
All experiments were conducted using a simple experimental setup, as shown in Figure 4 . Fifty grams of L-arabinose and a certain amount of water were first transferred to the crystallizer loaded with a thermocouple (K-type, Dmega, USA) connecting to a USB TC-08 in-line temperature logger (Pico technology, England). After fully dissolved, the solution was cooled to room temperature. In the process of cooling, a seed crystal (about 2 mm×2 mm×10 mm) was added to the crystallizer when the solution reached the saturation temperature. The seed crystal was suspended by a fine nylon thread vertically into the crystallizer avoiding contact with the crystallizer wall, thermocouple wire, and the magnetic stirrer preventing collisions and breakage of the crystal.
The inflection point of the temperature curve is defined as T m , as illustrated in Figure 5 . The nucleation point was easily detected as the appearance of the inflection point of the solution temperature ( Figure 5b ). The temperature rise was about 0.5-2 °C; T m of 51-73% L-arabinose solution is shown in Table 2 . The crystallizer mentioned above was a 50 mL round-bottom flask with a rubber stopper. The stirring rate was 50 rpm. Potassium chloride-water system ( Figure 3a) . The solubility increment increases with the increase in concentration from 1.0% to 4.0%. For example, at 35 °C, the solubility increments in 1%, 2%, and 4% (Potassium chloride) were 17.3%, 22.2%, and 24.5%, respectively. The solubility increment in the Potassium chloride-water system increases with temperature rise; take 4.0% for example, the increments were 9.0%, 11.4%, 13.4%, 15.1%, 16.5%, 17.7%, and 18.7%, respectively, at 30-60 °C (5° C increments).
This could be explained by the melassigenic effect and salting-in effect. Some researches (Day-Lewis, 1993; Quentin, 1957) stated that the presence of salt can increase the sucrose solubility in molasses, and the relative solubility increment obtained was: potassium > sodium > calcium. Sahadeo (1998) , however, stated that the melassigenic effect of salt was: sodium > calcium > magnesium > potassium. No matter which cation has the greatest melassigenic effect, it cannot be denied that potassium ion has melassigenic effect, which increases the solubility of L-arabinose.
It is known that Potassium chloride has salting-in effect at low concentration. Ferreira et al. (2007) stated that the solubility of five amino acids increased with the increase in potassium chloride concentration from 0M to 1M (7.45%). Accordingly, in the present study, it was found that the solubility of L-arabinose in the potassium chloride-water system is higher than that in the pure water system at all temperatures tested, and the increment was: 4.0% Potassium chloride > 2.0% Potassium chloride > 1.0% Potassium chloride. Figure 3b demonstrates the influence of calcium chloride on the solubility of L-arabinose in aqueous solution. Similar to the effect of potassium chloride, the solubility increases with the rise in temperature from 30-60 °C, and the solubility increment increases with temperature rise. For example, the solubility increments in the 1.0% calcium chloride-water system is 22.3%, 29.6%, 38.2%, 47.6%, 57.7%, 68.1%, and 78.6% at 30-60 °C (5 °C increments), respectively; it is 33.1%, 46.6%, 57.7%, 66.8%, 74.2%,
Solubility of L-arabinose in calcium chloride-water system
Metastable Zone Width in the presence of impurity
To evaluate the effect of impurity on the MSZW of L-arabinose, 2.0% and 4.0% of impurity were added to the L-arabinose solution before complete dissolution of the L-arabinose; results are shown in Figure 6 .
Results and discussion
Solubility
Solubility of L-arabinose in pure water system
The solid-liquid equilibrium of a L-arabinose-water system over the temperature range from 20 °C to 68 °C was determined (Table 1) . The relationship between solubility and temperature can be satisfactorily described by Equation 2.
Where W is saturated concentration (gram L-arabinose per 100 gram water), and T is temperature in Celsius.
Solubility of L-arabinose in Potassium chloride-water system
To analyze the effect of Potassium chloride on the solubility of L-arabinose in aqueous solution, 1.0-4.0% Potassium chloride was added. Results show that L-arabinose is more soluble in the 80.2% and 84.9% in a 2.0% calcium chloride-water system. It is observed that solubility increment in the calcium chloride-water system is higher than that of the Potassium chloride-water system under the same conditions. Take samples at 40 °C for example, the solubility increments were 38.2%, 57.7%, and 48.5% in 1.0%, 2.0%, 4.0% calcium chloride-water system, while in the potassium chloride-water system it were 7.7%, 11.5%, and 13.4%.
In addition to the melassigenic effect and salting-in effect, another possible factor is that L-arabinose can react with calcium chloride to form different types of compounds (Dale, 1934; Austin & Walsh, 1934) , such as α-L-arabinose calcium chloride·4H 2 D, (β-L-arabinose) 2 ·calcium chloride·2H 2 D, and (β-L-arabinose) 2 ·calcium chloride·H 2 D. These compounds might change the equilibrium of L-arabinose-water system, which affects the solubility of L-arabinose. Among the systems 
Detection of MSZW in impure water system
In many instances, small amounts of impurities have dramatic effects on crystal growth, morphology, and nucleation. Therefore, the influence of Potassium chloride and calcium chloride on the seeded MSZW of L-arabinose was investigated. The seeded MSZW of L-arabinose in the Potassium chloride-water system and calcium chloride-water system are shown in Figures 6a and b, respectively.
The T m in the 4.0% Potassium chloride-water system is lower than that in the 2.0% Potassium chloride-water system, which is slightly lower than that of the pure water system. In other words, the MSZW increases in the potassium chloride-water system, and the higher the potassium chloride concentration, the larger the MSZW. A possible reason is that the solubility of L-arabinose increases due to the addition of potassium chloride, which would reduce the effective supersaturation. Another reason is that impurities can change the nucleation rate by affecting both the kinetic factor and interfacial energy (Sangwal, 2009; Herden et al., 2001 ). The findings obtained in the present study are similar to those in Dhanaraj's research, who found that adding K + ion increased the MSZW of KDP thus making the solution more stable and inhibiting spontaneous nucleation (Dhanaraj et al., 2008) .
The T m is sensitive to calcium chloride concentration. The relationship of T m in the pure water system and calcium chloride-water system is: T m (2.0% calcium chloride) > T m (pure water)> T m (4.0% calcium chloride); this is consistent with other studies that reported that there are solute-solvent systems in which the MSZW either first increase then decrease or first decrease then increase with the increasing of impurity (Haja Hameed et al., 2007) . This could be explained by the change in saturation temperature and nucleation rate. It has been proved that addition of Ca 2+ changes the saturation temperature of borax decahydrate and boric acid and the effect is concentration dependent (Gürbüz & Özdemir, 2003; Sayan & Ulrich, 2001 ). In the present study, it was proved that the solubility increment in the 2.0% calcium chloride-water system was larger than that in the 4.0% calcium chloride-water system. Thus, the addition of calcium chloride would change the effective supersaturation, which leads to the change of MSZW. Calcium chloride might also have an influence on MSZW by acting as a nucleation enhancer or as a nucleation inhibitor, such as nickel (Mielniczek & Sangwal, 2004) . By acting as a nucleation enhancer, it would decrease the MSZW of the solute, whereas as a nucleation inhibitor, it would increase the MSZW of the solute. (Sangwal, 2009) . However, the influence of calcium chloride on the seeded MSZW of L-arabinose by modifying the nucleation rate has not been proved yet. In this study, it was found that the seeded MSZW of L-arabinose decreases in the 2.0% calcium chloride-water system and increases in the 4.0% calcium chloride-water system.
Conclusion
As a new functional sugar, L-arabinose can be used in many fields such as food and medicine industries and others. Detection of the solubility and seeded metastable zone width evaluated, 2.0% calcium chloride had the greatest solubility increment, which is in accordance with Mendonca's study, who found that low concentration of salt had salting-in effect, while high concentration had more salting-out effect (Mendonça et al., 2003) . Accordingly, in the present study, it was found that the solubility of L-arabinose in the calcium chloride-water system increased compared with that of the pure water system at 30-60 °C and that the solubility increment in the calcium chloride-water system is higher than that of the potassium chloride-water system under the same conditions.
MSZW detection
Detection of MSZW in pure water system
Detection of seeded MSZW was conducted using a simple experimental setup, as shown in Figure 4 . The temperature of nucleation point is defined as T m . The extent of supercooling is defined as MSZW, which is equal to the value between the temperature of saturation (T 0 ) and nucleation point (T m ) ( Figure 5) . A typical temperature profile was illustrated in Figure 5b . The inflection point of the temperature profile is detected and termed as T m , which represents the temperature of nucleation point. Table 2 shows T m at the concentrations of 51-73%. Ice was added to the water bath because the T m measured was below room temperature at 51.0-55.0%. The relationship between supersaturation and temperature can be satisfactorily described by the following exponential Equation 3:
Where W s is supersaturation (g /100g water) and T is temperature.
As can be seen in Table 2 , the MSZW (ΔT m ) is not constant but a spread from 24.36-32.72 °C (Mean ± Std. Deviation = 27.11± 2.34), which might be explained by the following reasons. Firstly, MSZW is a function of the induction time of nucleation (t ind ) and cooling rate (Zhang et al., 2012; Herden et al., 2001; Kobari et al., 2010; Kim & Mersmann, 2001; Sangwal, 2011) . It has been pointed out that log (ΔT m ) increased linearly with an increase in log R (cooling rate). Therefore, the log R was not constant, but it changed which resulting in the deflection of MSZW. Secondly, the size and number of the seed crystals influences the MSZW of secondary nucleation (Herden et al., 2001 ). Thus, a large crystal was suspended in the solution. However, the size of the seed crystal is not identical, which might lead to the deflection of MSZW. Thirdly, the volume of the crystallizer and the stirring rate also had great influence on MSZW. It has been stated that the MSZW is not a reproducible point at small volumes but a spread which increases roughly inversely proportional to the volume (Kadam et al., 2012) . In addition, MSZW is influenced by the detection method and sensitivity. To reach the detectable T m , the dissipated latent heat has to overcome the heat emission from solution to environment, which means that there exists a time lag between nucleation point and detection point (Kubota et al., 2013) .
of L-arabinose in aqueous solution can be of great importance in the production and use of L-arabinose.
In this study, solubility and seeded MSZW of L-arabinose with and without impurity was determined. The following conclusions can be drawn:
(1) The solid-liquid equilibrium of a L-arabinose-water system from 20-68 °C is determined, which can be described by W = 55.492 + 0.7637T + 0.0113T 2 (R 2 =0.995).
(2) The solubility of L-arabinose in the potassium chloride-water system is higher than that of the pure water system, and the solubility increment at 4.0% potassium chloride > 2.0% potassium chloride > 1.0% Potassium chloride. Solubility increment in the calcium chloride-water system is higher than that of the potassium chloride-water system under the same conditions. Among all systems evaluated, the 2.0% calcium chloride system had the greatest solubility increment, while the 1.0% and 4.0% systems had almost the same solubility increment.
(3) Calorimetric method is used to detect the temperature of nucleation. The MSZW (ΔT m ) is not constant but a spread (Mean ± Std. Deviation = 27.11± 2.34) in the pure water system. The MSZW increased in the presence of potassium chloride, and the MSZW increment was 4.0% potassium chloride > 2.0% potassium chloride. However, The MSZW of L-arabinose increased in the 4.0% calcium chloride-water system and decreased in the 2.0% calcium chloride-water system.
